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Abstract and Keywords

Among the biocultural innovations associated with the Neolithic, dairying and the 
evolution of lactose tolerance is the most studied. Expression of the enzyme lactase, 
which digests the milk sugar lactose, decreases after weaning in mammals, including 
most humans. However, some humans express lactase throughout adulthood—a trait 
known as lactase persistence (LP). Striking observations about LP evolution include: (i) a 
strong correlation between LP frequency and a history of herding and dairying; (ii) 
genetic patterns indicating LP-associated variants have increased in frequency through 
natural selection; (iii) two of these variants have been experimentally shown to affect 
lactase expression in adults; and (iv) archaeological and ancient DNA data indicate 
dairying pre-dated the rise of LP-associated variants. This chapter reviews the biology 
and archaeology of LP, examines some of the hypotheses formulated to explain its 
distribution, and outlines how simulation modelling has contributed to our understanding 
of its evolution.
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The Neolithic transition—the archaeological period that defines a shift from food-seeking 
to food-producing (Diamond 1997; Fuller 2007; Fuller and others 2011; Pinhasi and 
others 2005; Vigne 2008; Whittle 2007; Zeder 2008)—is associated with dramatic changes 
in human ecology, including changes in diet. Among these changes, a narrowing of 
dietary range to a few key staples, an increase in carbohydrate, and a reduction in 
protein and various micronutrients are particularly notable in cereal-based economies 
(Cordain and others 2000; Konner and Eaton 2010; Losch and others 2006; Luca and 
others 2010; Richards 2002). These changes have been hypothesized to partly explain the 
poorer health of early Neolithic individuals compared with those from the Upper 
Palaeolithic and Mesolithic periods (Eshed and others 2010; Holt and Formicola 2008; 
Larsen 1995; Richards 2002). It can therefore be hypothesized that after the 
domestication of animals that may be milked (primarily cows, goats, and sheep), the 
consumption of milk and dairy products may have provided nutritional complements to 
the diet of early farmers (Bogucki 1984), as well as protecting against food shortage 
brought about by crop failure and the seasonality of cereal agriculture (Shennan and 
others 2013). Indeed, milk contains various nutrients such as lipids, micronutrients 
(including calcium and vitamin D), proteins, and is an important source of carbohydrates, 
mainly lactose.

Lactose is a disaccharide comprised of the monosaccharides, galactose and glucose. The 
enzyme lactase is secreted in the small intestine where it cleaves lactose into its 
component monosaccharides, which can then be transported across epithelial cell 
membranes to yield their energetic load. All mammals studied, including humans, express 
lactase as infants. After weaning, lactase expression typically decreases in comparison to 
birth levels (Troelsen 2005). This trait is known as lactase non-persistence and is the 
ancestral state in humans. However, about 32% of humans worldwide continue to express 
lactase into adulthood (Ingram and others 2009; Itan and others 2010), a trait termed 
lactase persistence (LP). When a lactase non-persistent individual ingests milk, the 
lactose is not broken down into glucose and galactose but instead is fermented in the 
colon by bacteria. This fermentation of undigested lactose produces gases, causing 
symptoms of lactose intolerance such as bloating, flatulence, and abdominal cramps, and 
the osmotic effects of colonic lactose can cause diarrhoea. These symptoms may have 
prevented early lactase non-persistent farmers from benefiting from the nutrient load of 
fresh milk, thereby affecting their survival in periods of food shortage (Shennan and 
others 2013). The disciplines of anthropology, archaeology, chemistry, molecular biology, 
and population genetics have provided some clues about the evolution of LP.

The Genetics of LP
LP is inherited in an autosomal dominant manner (Ferguson and Maxwell 1967; Sahi 
1974; Swallow and Hollox 2000). A single gene (LCT) located on chromosome 2q21 
encodes lactase. To date, five variants (-13,907*G, -13,910*T, -13,915*G, -14,009*G and 
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-14,010*C) have been found to associate with lactase persistence, indicating convergent 
evolution (Enattah and others 2002; Imtiaz and others 2007; Ingram and others 2007, 
2009; Jones and others 2013; Tishkoff and others 2007). These variants are located about 
14kb upstream of the LCT promoter, in the first intron of the neighbouring MCM6 gene. 
This genomic region contains various transcription factor binding sites (Troelsen 2005) 
and these five substitutions have been reported to enhance lactase expression in vitro 
(Jensen and others 2011; Jones and others 2013; Lewinsky and others 2005; Olds and 
Sibley 2003; Tishkoff and others 2007; Troelsen and others 2003). A recent functional 
study (Fang and others 2012) has confirmed the effect of one of these alleles in vivo
(-13,910*T). Importantly, these variants are not evenly distributed among populations 
where LP is observed (Figure 28.1). In Africa, all five LP-associated alleles have been 
identified, whereas in Europe and Southern Asia only a single major variant (-13,910*T) 
has been found (Gallego Romero and others 2012).

The age of an allele can be 
estimated by studying 
patterns of genetic 
variation in surrounding 
genomic regions. For the 
Eurasian -13,910*T allele, 
an age range of between 
2,188 and 20,650 years 
(Bersaglieri and others 
2004) has been estimated 
using extended haplotype 
homozygosity (EHH), and 
between 7,450 and 12,300 
years ago (Coelho and 
others 2005), or between 
7,475 and 10,250 years 
ago (Mulcare 2006), 
estimated using variation 
in closely linked 

microsatellites. A similar age range of between 1,200 and 23,200 years has been 
estimated for the major African allele, -14,010*C, using EHH (Ranciaro and others 2014; 
Tishkoff and others 2007) and over 4,500 years using closely linked microsatellite 
variation (Macholdt and others 2014). These age estimates for LP-associated variants are 
remarkably young for alleles found at such high frequencies in multiple populations.

The combination of recent age and high frequency implies that the variants have 
increased in frequency rapidly. Allele frequencies can change over time through genetic 
drift, but these changes tend to be slow—unless in very small populations—and 
directionless. However, the rapid increase in frequency of LP-associated alleles is unlikely 
to have been caused by drift alone, and positive selective pressures are typically invoked. 
The strength of natural selection can be estimated by measuring the extent of haplotype 

Click to view larger

Figure 28.1  Distribution of the five genetic variants 
that have been shown to be associated with LP and 
to affect lactase expression in vitro. Pie chart radii 
are proportional to sample sizes. Population and 
allele frequency information can be found at http://
www.ucl.ac.uk/mace-lab/resources/glad
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conservation, or microsatellite diversity, along the chromosomal region carrying LP-
associated alleles, together with the frequency of the allele itself, by modelling the 
population history and natural selection processes in space (Gerbault and others 2009; 
Itan and others 2009), or by comparing allele frequencies in ancient and modern 
population samples (Sverrisdottir and others 2014; Wilde and others 2014). The strength 
of selection needed to explain the distribution of the -13,910*T allele ranges between 0.8 
and 19% (Bersaglieri and others 2004; Gerbault and others 2009; Itan and others 2009; 
Sverrisdottir and others 2014). Similarly, the estimates for the -14,010*C allele range 
between 0.02 and 15% (Macholdt and others 2014; Tishkoff and others 2007). These 
selection coefficients are among the highest estimated for any human gene in the last 
30,000 years (Sabeti and others 2006), and yet the reasons why LP has been favoured are 
debated (Gerbault and others 2011).
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Hypotheses on the Advantage of Being Lactase 
Persistent
The substrates of lactase may provide some insights into the benefits of expressing the 
enzyme as adults. The full name of the enzyme is lactase-phlorizin hydrolase (LPH). It 
takes its name from its two primary activities (Arribas and others 2000; Swallow 2003): 
the β-galactosidase activity, responsible for the hydrolysis of lactose, and the β-
glucosidase activity hydrolysing plant glucosides (Day and others 2000; Jager and Saaby 
2011; Mackey and others 2002) including phlorizin (Arribas and others 2000), which is a 
2’-glucoside of phloretin (a type of flavonoid, i.e. a plant secondary metabolite) found in 
roots and bark of plants from the Rosacaeae family (e.g. pear and apple trees) and of 
some seaweeds. The substrates of LPH β-glucosidase activity, such as flavonoids, have 
known beneficial health effects (Jager and Saaby 2011), but the relationship between the 
consumption of substrates requiring this activity in lactase persistent versus non-
persistent individuals has not been well studied. It may be hypothesized that this LPH β-
glucosidase activity, by enabling the intake of deglycosylysed substrates, was positively 
selected because it benefited the health of lactase persistent individuals. However, 
another intestinal enzyme, cytosolic β-glucosidase (CBG), performs the same 
deglycosylation (Jager and Saaby 2011; Nemeth and others 2003), and therefore the 
expression of lactase for this purpose appears redundant, and needs further 
investigation.

In contrast, LPH is the only mammalian enzyme that has the ability to cleave lactose. 
When lactose is consumed but not broken down by lactase into its constituent 
monosaccharides, it can cause symptoms of lactose intolerance. It has been shown that 
the severity of these symptoms can vary between individuals (Gerbault and others 2011, 
2014; Ingram and others 2007; Ingram and Swallow 2009). Nonetheless, lactase non-
persistent individuals may lose fluids and minerals when drinking fresh milk, while 
lactase persistent individuals can fully benefit from the carbohydrates and the many other 
nutrients milk contains. Even though lactose is also found in very small quantities in 
forsythia flowers and in the Sapotaceae family (Holsinger 1997), fresh milk, along with 
some milk products, are the major natural sources of lactose. It thus seems unlikely that 
LP would confer any advantage without a supply of fresh milk. This is supported by the 
observed correlation between populations with a history of dairying practices and a high 
frequency of lactase persistent individuals (Holden and Mace 1997).

Despite the association of LP and milk consumption, no consensus has been reached 
regarding the specific selective advantage(s) it conferred to ancestral populations. Cook 
and al-Torki (1975) hypothesized that milk may have provided a relatively pathogen-free 
liquid during periods when water was scarce and/or in an arid climate. However, when 
water is scarce, livestock are as likely to suffer from drought as humans and therefore 
milk production may be impaired. Some authors have suggested LP may have provided 
some protection against malaria (Anderson and Vullo 1994; Cordain and others 2012; 
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Ranciaro and others 2014). While this has not yet been investigated in African 
populations, there is no evidence of a protective effect of LP against malaria in a 
Sardinian population where malaria was prevalent (Meloni and others 1996, 1998). Other 
authors have suggested that LP evolved as a by-product of the diffusion of milk drinking 
as a socially elite behaviour (Durham 1991a; Simoons 1970).

Alternative hypotheses include that LP was advantageous because of the nutritional 
benefits milk provides in the absence of lactose intolerance symptoms. In particular, one 
of the most widely cited explanations for the evolution of LP is the ‘calcium assimilation 
hypothesis’, first proposed by Flatz and Rotthauwe (1973). They suggested that milk—
which is a modest source of vitamin D and an excellent source of calcium—supplemented 
the expected deficient levels of calcium and vitamin D of early farmers as they moved to 
the higher latitudes of northern Europe. While fish and some other foods are good 
sources of vitamin D, which is required for calcium absorption, most people in the world 
produce sufficient vitamin D by UVB photoconversion of 7-dehydrocholesterol into 
cholecalciferol (vitamin D ) in the skin. In northern Europe, however, UVB levels are 
usually too low for this (Jablonski and Chaplin 2010), and cereal-based diets are a poor 
source of vitamin D, so early farming populations may have had elevated rates of rickets. 
However, the Mesolithic and Neolithic archaeological record has, thus far, not provided 
any evidence of a higher risk of rickets in early Neolithic populations (Larsen 1995) to 
support this theory. In addition, ancient DNA data indicate that selection favouring LP 
was strong even in lower latitude Europe, such as Iberia, where sunlight exposure should 
have been sufficient for vitamin D synthesis (Sverrisdottir and others 2014). Thus, while 
the ‘calcium assimilation hypothesis’ may provide an important explanatory component of 
LP evolution in some regions (Cramp and others 2014; Gerbault and others 2009), it does 
not in others.

Although the ‘calcium assimilation hypothesis’ is concerned with specific nutrient 
components, milk is in fact a generally nutrient-dense and nutrient-diverse food. 
Advocates of the Palaeolithic diet hypothesis (Konner and Eaton 2010) have noted that 
modern hunter-gatherer diets, and inferred Palaeolithic diets, were also nutrient-dense 
and nutrient-diverse when compared to modern and inferred post-Neolithic transition 
diets (Cordain and others 2000; Konner and Eaton 2010; Kuipers and others 2010; Losch 
and others 2006; Luca and others 2010; Richards 2002). This may have had negative 
health implications for early farmers (Eshed and others 2010; Holt and Formicola 2008; 
Larsen 1995; Richards 2002), raising the possibility that a key benefit of milk 
consumption was that it contains a diversity of nutrients that supplemented those 
severely reduced in the transition from hunter-gathering to farming. We have examined 
this hypothesis further using principal component analysis. To do so, we decomposed 
twenty-one modern agriculturalist and twenty modern hunter-gatherer diets, using the 
USDA National Nutrient Database for Standard Reference (US Department of Agriculture 
2013), to their composite twenty-nine macro- and key micronutrients, normalized for total 
calories. For the first and third principal components of variation in nutrient profiles 
among these diets (Figure 28.2), milk occupies a position midway between hunter-
gatherer and modern agriculturalist diets. This suggests that it may have acted as a 
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bridging food between hunter-gatherer and early Neolithic diets. Interestingly, an 
immediate replacement of fishing with dairying by the earliest farmers of the north-east 
Atlantic archipelagos has recently been observed (Cramp and others 2014). One way of 
examining this hypothesis further would be to reconstruct early Neolithic diets to assess 
their nutrient breadth and compare their positions on the principal component plots 
described above.

Click to view larger
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Figure 28.2  Principal Component Analysis of the 
quantities of twenty-nine major and key 
micronutrients in milk (red triangle), twenty-one 
modern agriculturalist (orange) and twenty modern 
hunter-gatherer (green) diets. The first two principal 
components (left, PC1 and PC2) and the first and 
third principal components (right, PC1 and PC3) are 
considered. Diets were obtained from: 1 Family Food 
(DEFRA 2013); 2 van Rossum and others (2011); 3 
Sette and others (2011); 4 Kafatos and others (2000); 
5 Iso and others (2005); 6 Zhou and others (2003); 7 
Cai and others (2004); 8 Langenhoven and others 
(1988); 9 MacIntyre and others (2002); 10 Mazengo 
and others (1997); 11 Reddy and Rao (2000); 12 
Merchant and others (2005); 13 Boylan and others 
(2009); 14 McFie (1967); 15 Binford (1978); 16 
Sinclair (1953); 17 Silberbauer (1980); 18 Lee (1979);
19 Lee and DeVore (1976); 20 Lee and DeVore (1968);
21 Hurtado and others (1985); 22 Hurtado and Hill 
(1990); 23 Hill and others (1984); 24 Hawkes and 
others (1982); 25 Hurtado and Hill (1987); 26 Politis 
(2009); 27 Meehan (1982); 28 Anderson and others 
(2001). Diets were then decomposed into twenty-nine
macro- and key micronutrients: total protein, total 
fat, saturated fatty acids, monounsaturated fatty 
acids, polyunsaturated fatty acids, cholesterol, total 
carbohydrates, fibre, alcohol, calcium, iron, zinc, 
magnesium, sodium, potassium, phosphorus, 
selenium, manganese, thiamine, riboflavin, niacin, 
vitamin B6, vitamin B12, total folic acid, vitamin C, 
total vitamin A, vitamin D, and vitamin E. Nutrient 
quantities for each diet were first normalized by the 
recommended daily calorie intake (2000 calories per 
day). We then calculated the twenty-nine arithmetic 
means of these normalized nutrient quantities over 
all the forty-one diets and milk. We finally divided 
these normalized nutrient quantities by their 
respective mean, so that the forty-one diets and milk 
could be compared. Principal component analysis 
was performed using the R (https://www.r-
project.org) package FactoMineR (http://cran.r-
project.org/web/packages/FactoMineR/index.html).
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Evidence from the Archaeological Record
The age estimates of the LP-associated mutations bracket dates for the domestication of 
animals that can be milked and the spread of agriculture and herding, for which the 
earliest evidence dates to around 10,500 years (Bollongino and others 2012). Evidence 
for the use of milk in the archaeological record comes from two major sources: kill-off 
profiles of domestic animals and the detection of dairy fat residues in potsherds, both 
identified in Neolithic assemblages.

Kill-off profiles are the age and sex distribution of animals in archaeological assemblages 
(i.e. at death) and show that weaned animals are more frequent in Near Eastern sites 
dated from 10,000 years before present (BP) onwards, than in earlier (Late-Mesolithic) 
sites (Balasse and Tresset 2002; Vigne 2008; Vigne and others 2003). This has been 
interpreted as evidence for early dairying practices, where more females were kept alive 
and their milk could be used for human consumption while their offspring were 
slaughtered.

Further archaeological evidence for the intensification of dairying during the Neolithic 
comes from the detection of dairy fat residues in potsherds, using a combination of 
individual fatty acid discrimination and measurements of stable isotope ratios (Gerbault 
and others 2013). Using this approach, the presence of dairy products has been 
demonstrated in north-west Anatolia as early as 8,500 years BP (Evershed and others 
2008), the Libyan Sahara between 7,150 and 5,750 years BP (Dunne and others 2012), at 
Neolithic sites in Romania and Hungary dating to around 7,900–7,450 years BP (Craig 
and others 2005), and in Britain around 6,100 years BP (Copley and others 2005). These 
dates fall near to or at the time when farming arrived in those regions, indicating that 
dairying was an early feature of the Neolithic lifestyle in Europe. Though less commonly 
performed than detection of lipid residues, the detection of milk proteins (e.g. alpha 
bovine casein) in potsherds can also be used to infer whether ancient populations 
processed milk (Craig and others 2000).
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In ancient DNA (aDNA) 
samples (Figure 28.3), the 
earliest evidence for the 
presence of -13,910*T in 
European populations is 
from late Scandinavian 
hunter-gatherers dating 
from 5,400–3,400 years BP, 
with an estimated 
frequency of 5%, 
(Malmström and others 
2010). This allele has been 
found in early Neolithic 
farmers from north-
western Iberia between 
5,000 and 4,500 years BP 
with an estimated 
frequency of 26% and 11% 
(Plantinga and others 
2012). While the -13,910*T
allele is absent from 
contemporaneous early 
Neolithic farmer samples 

from other regions (Burger and others 2007; Lacan and others 2011a, 2011b; 
Sverrisdottir and others 2014), it has been found in a single heterozygous individual from 
a Medieval sample in north-eastern Europe dated to 400–600 years AD (Burger and 
others 2007). In Central Europe and south-eastern Europe, aDNA samples dated to 950–
1200 years AD (Kruttli and others 2014) and to 1012–1112 years AD (Nagy and others 
2009) yielded frequency estimates of 72% and 11%, respectively. This rarity of the 
-13,910*T allele in older aDNA samples, together with the evidence of early dairying 
practices in the archaeological record, suggest that LP did not become common until 
after dairying was widespread in Europe. Furthermore, the correlation between LP—and 
more precisely the LP-associated alleles identified so far—and pastoralist/milk-drinking 
populations (Holden and Mace 1997; Itan and others 2010; Simoons 1970) provides 
strong support for a co-evolutionary process between a cultural (dairying) and a genetic 
(LP-associated alleles) trait. This highlights the evolution of LP as a prime example of 
gene–culture co-evolution (Durham 1991a, 1991b; Gerbault and others 2011; Itan and 
others 2009; Laland 2008; Laland and others 2010).

Simulation Modelling and Future Directions

Click to view larger

Figure 28.3  Distribution of published lactase 
persistence-associated allele (-13,910*T) frequencies 
in European ancient DNA samples, as of March 2014.
Pie chart radii are proportional to sample sizes. The 
derived allele frequency (-13,910*T) is shown in 
black, while the ancestral allele frequency 
(-13,910*C) is shown in shades of red to cream, 
where the closer to red the colour is, the more 
ancient the aDNA sample.
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Because only one major LP-associated allele has so far been identified in indigenous 
Europeans, while five have been identified in African and Middle Eastern populations, 
modelling the evolution of LP in Europe is more straightforward. To this end, computer 
simulation has been used to generate genetic data sets under a range of evolutionary 
scenarios of varying complexities. For example, a demic simulation model illustrated that 
while natural selection may be required to explain the high observed allele frequencies in 
Northern Europe, it may not be for the lower observed allele frequencies of Southern 
Europe (Gerbault and others 2009). Furthermore, using a coalescent approach, Peter et 
al. (2012) suggested that the pattern of genetic variation surrounding LCT observed in 
the Finnish population, one of the populations showing the highest frequencies and most 
recent ages for -13,910*T (Bersaglieri and others 2004), could have been produced by 
selection acting on a de novo mutation rather than on standing variation. This implies that 
the ecological conditions that eventually favoured LP existed before LP arose.

Itan et al. (2009) used a high-resolution spatially explicit model to simulate the spread of 
the LP-associated allele (-13,910*T) with farmers diffusing from the Near East and 
throughout Europe. This model accommodated natural selection, various processes of 
migration and gene flow, and the possibility of allele surfing—a process by which rare 
genetic variants undergo sequential genetic drift on the wave front of an expanding 
population and end up at highest frequencies in regions far removed from their location 
of origin (Currat and others 2006; Edmonds and others 2004; Excoffier and others 2009; 
Klopfstein and others 2006). While allele surfing of neutral variants can produce patterns 
of genetic variation similar to those obtained under a selective sweep (Currat and others 
2006; Excoffier and others 2009), Itan and colleagues (2009) inferred similar selection 
coefficients on the -13,910*T variant to those obtained previously (Bersaglieri and others 
2004), and that selection started in Central Europe about 7,500 years ago. These location 
and time estimates bracket the origins of the Linearbandkeramic (LBK), an early 
Neolithic culture where an increase in the frequency of cattle bones has been noted when 
compared to earlier Neolithic economies (Benecke 1994). Elsewhere around the 
Mediterranean, other contemporaneous cultures mainly used goats and sheep (Vigne 
2006), which yield less milk, and so potentially lower selection pressure favouring LP.

Simulation modelling is a powerful method for testing evolutionary hypotheses (Belle and 
others 2009, 2006a, 2006b; Bollongino and others 2012; Bramanti and others 2009; 
Fagundes and others 2007; Gerbault and others 2014, 2012; Murray and others 2010; Ray 
and others 2009). In particular, because the likelihood of observed data sets under 
various scenarios can be quantitatively assessed and compared, this approach is likely to 
provide a deeper understanding of the evolution of LP.

All of the modelling studies mentioned in the previous paragraph indicate that 
demographic history may have important effects on the evolution of LP, and some indicate 
that selection pressures favouring LP were spatially heterogeneous. However, it also 
seems likely that selection pressures favouring LP were episodic, perhaps responding to 
fluctuations in the availability of non-dairy foods or other factors (Shennan and others 
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2013). To date, episodic selection on LP has been hypothesized (Gerbault and others 
2011) but not demonstrated using empirical data. Advances in the analysis of aDNA data 
now make this a possibility (Sverrisdottir and others 2014; Wilde and others 2014).

Concluding Remarks
The continuous expression of the enzyme lactase throughout adulthood (LP) is a recent 
trait on the human evolutionary timescale. So far, at least five genetic variants have been 
found to associate with LP, indicating convergent evolution. These LP variants are 
unevenly distributed worldwide; they are concentrated in geographical regions with a 
history of pastoralism and dairying, and broadly encompass the period when agriculture 
and dairying became prevalent. Simulation modelling and other lines of evidence suggest 
that the geographic distribution of LP-associated genetic variants is likely to have been 
partly shaped by the demographic history, and that the specific selective advantages 
conferred by LP may have differed between geographic locations. It is also likely that 
selection favouring LP acted episodically through time, although resolution of these 
episodes will require more aDNA data than is currently available (Sverrisdottir and 
others 2014).

A range of hypotheses exist on why LP conferred such high selection coefficients on 
ancestral dairying populations (Flatz and Rotthauwe 1973; Gerbault and others 2011, 
2009; Itan and others 2009; Sverrisdottir and others 2014). While no single advantage is 
likely to explain LP evolution in all regions where it is prevalent, and at all time periods, 
an often neglected consideration is the sheer range, as well as the density, of nutrients in 
milk. It has been argued that modern diets and, indeed, post-Neolithic diets more 
generally, are mismatched with the ancestral hunter-gatherer diets to which our 
metabolism should be optimized (Cordain and others 2000; Konner and Eaton 2010; 
Kuipers and others 2010). In this chapter we suggest that—to some extent—milk can be 
considered as a bridging food between the nutrient compositions of hunter-gatherer and 
modern diets (Cramp and others 2014). A more detailed analysis of the nutrient 
compositions of reconstructed early Neolithic diets is required to examine this hypothesis 
further.

LP illustrates how a new component of our diet, i.e. milk and dairy products, has affected 
our biological evolution. The changes in diet and lifestyle introduced during the Neolithic 
period, including animal and plant domestication together with the associated human 
metabolic responses, created new adaptive pressures and environments. It is likely that 
further studies investigating the relationship between dietary change and genetic 
diversity will highlight how our behaviours have shaped our evolution, and will ultimately 
shed light on the ongoing evolutionary processes which continue to shape our species.



The Evolution of Lactose Tolerance in Dairying Populations

Page 13 of 24

PRINTED FROM OXFORD HANDBOOKS ONLINE (www.oxfordhandbooks.com). (c) Oxford University Press, 2015. All Rights 
Reserved. Under the terms of the licence agreement, an individual user may print out a PDF of a single chapter of a title in 
Oxford Handbooks Online for personal use (for details see Privacy Policy).

Subscriber: University College London; date: 27 November 2017

Acknowledgements
P.G. was supported by a Leverhulme Programme grant to M.G.T. (grant code: RP2011-
R-045). K.B. was supported by a BBSRC Ph.D. Training Grant awarded to M.G.T. (grant 
code: BB/J500598/1). M.G.T. was supported by a Wellcome Trust Senior Research 
Fellowship (grant code: 100719/Z/12/Z (M.G.T.).

References

Anderson, A., Jones, R., Lilley, I., and O’Connor, S. (2001). Histories of Old Ages: Essays in 
Honour of Rhys Jones. Canberra: Pandanus Books.

Anderson, B. and Vullo, C. (1994). Did malaria select for primary adult lactase deficiency?
Gut 35(10): 1487–1489.

Arribas, J. C., Herrero, A. G., Martin-Lomas, M., Canada, F. J., He, S., and Withers, S. G. 
(2000). Differential mechanism-based labeling and unequivocal activity assignment of the 
two active sites of intestinal lactase/phlorizin hydrolase. European Journal of 
Biochemistry 267(24): 6996–7005.

Balasse, M. and Tresset, A. (2002). Early weaning of Neolithic domestic cattle (Bercy, 
France) revealed by intra-tooth variation in nitrogen isotope ratios. Journal of 
Archaeological Science 29: 853–859.

Belle, E. M., Benazzo, A., Ghirotto, S., Colonna, V., and Barbujani, G. (2009). Comparing 
models on the genealogical relationships among Neandertal, Cro-Magnoid and modern 
Europeans by serial coalescent simulations. Heredity 102(3): 218–225.

Belle, E. M., Landry, P. A., and Barbujani, G. (2006a). Origins and evolution of the 
Europeans’ genome: evidence from multiple microsatellite loci. Proceedings of the Royal 
Society B: Biological Sciences 273(1594): 1595–1602.

Belle, E. M., Ramakrishnan, U., Mountain, J. L., and Barbujani, G. (2006b). Serial 
coalescent simulations suggest a weak genealogical relationship between Etruscans and 
modern Tuscans. Proceedings of the National Academy of Sciences USA 103(21): 8012–
8017.

Benecke, N. (1994). Der Mensch und seine Haustiere. Die Geschichte einer 
jahrtausendealten Beziehung. Stuttgart: Theiss Verlag.

Bersaglieri, T., Sabeti, P. C., Patterson, N., Vanderploeg, T., Schaffner, S. F., Drake, J. A., 
Rhodes, M., Reich, D. E., and Hirschhorn, J. N. (2004). Genetic signatures of strong 
recent positive selection at the lactase gene. American Journal of Human Genetics 74(6): 
1111–1120.



The Evolution of Lactose Tolerance in Dairying Populations

Page 14 of 24

PRINTED FROM OXFORD HANDBOOKS ONLINE (www.oxfordhandbooks.com). (c) Oxford University Press, 2015. All Rights 
Reserved. Under the terms of the licence agreement, an individual user may print out a PDF of a single chapter of a title in 
Oxford Handbooks Online for personal use (for details see Privacy Policy).

Subscriber: University College London; date: 27 November 2017

Binford, L. R. (1978). Nunamiut Ethnoarchaeology. New York: Academic Press.

Bogucki, P. I. (1984). Ceramic sieves of the linear pottery culture and their economic 
implications. Oxford Journal of Archaeology 3: 15–30.

Bollongino, R., Burger, J., Powell, A., Mashkour, M., Vigne, J. D., and Thomas, M. G. 
(2012). Modern taurine cattle descended from small number of near-eastern founders. 
Molecular Biology and Evolution 29(9): 2101–2104.

Boylan, S., Welch, A., Pikhart, H., Malyutina, S., Pajak, A., Kubinova, R., Bragina, O., 
Simonova, G., Stepaniak, U., Gilis-Januszewska, A. et al. (2009). Dietary habits in three 
Central and Eastern European countries: the HAPIEE study. BMC Public Health 9: 439.

Bramanti, B., Thomas, M. G., Haak, W., Unterlaender, M., Jores, P., Tambets, K., 
Antanaitis-Jacobs, I., Haidle, M. N., Jankauskas, R., Kind, C. J. et al. (2009). Genetic 
discontinuity between local hunter-gatherers and central Europe’s first farmers. Science
326(5949): 137–140.

Burger, J., Kirchner, M., Bramanti, B., Haak, W., and Thomas, M. G. (2007). Absence of the 
lactase-persistence-associated allele in early Neolithic Europeans. Proceedings of the 
National Academy of Sciences USA 104(10): 3736–3741.

Cai, H., Shu, X.-O., Hebert, J. R., Jin, F., Yang, G., Liu, D.-K., Gao, Y.-T., and Zheng, W. 
(2004). Variation in nutrient intakes among women in Shanghai, China. European Journal 
of Clinical Nutrition 58: 1604–1611.

Coelho, M., Luiselli, D., Bertorelle, G., Lopes, A. I., Seixas, S., Destro-Bisol, G., and Rocha, 
J. (2005). Microsatellite variation and evolution of human lactase persistence. Human 
Genetics 117(4): 329–339.

Cook, G. C. and al-Torki, M. T. (1975). High intestinal lactase concentrations in adult Arbs 
in Saudi Arabia. British Medical Journal 3(5976): 135–136.

Copley, M. S., Berstan, R., Mukherjee, A. J., Dudd, S. N., Straker, V. et al. (2005). Dairying 
in Antiquity III. Evidence from absorbed lipid residues dating to the British Neolithic. 
Journal of Archaeological Science 32: 523–546.

Cordain, L., Hickey, M. S., and Kim, K. (2012). Malaria and rickets represent selective 
forces for the convergent evolution of adult lactase persistence. In P. Gepts, R. Bettinger, 
S. B. Brush, T. Famula, P. E. McGuire, and C. O. Qualset (eds.), Biodiversity in Agriculture: 
Domestication, Evolution and Sustainability. Cambridge, UK: Cambridge University 
Press, pp. 299–308.

Cordain, L., Miller, J. B., Eaton, S. B., Mann, N., Holt, S. H., and Speth, J. D. (2000). Plant–
animal subsistence ratios and macronutrient energy estimations in worldwide hunter-
gatherer diets. American Journal of Clinical Nutrition 71(3): 682–692.



The Evolution of Lactose Tolerance in Dairying Populations

Page 15 of 24

PRINTED FROM OXFORD HANDBOOKS ONLINE (www.oxfordhandbooks.com). (c) Oxford University Press, 2015. All Rights 
Reserved. Under the terms of the licence agreement, an individual user may print out a PDF of a single chapter of a title in 
Oxford Handbooks Online for personal use (for details see Privacy Policy).

Subscriber: University College London; date: 27 November 2017

Craig, O., Mulville, J., Pearson, M. P., Sokol, R., Gelsthorpe, K., Stacey, R., and Collins, M. 
(2000). Detecting milk proteins in ancient pots. Nature 408(6810): 312.

Craig, O. E., Chapman, J., Heron, C., Willis, L. H., Bartosiewicz, L., Taylor, G., Whittle, A., 
and Collins, M. (2005). Did the first farmers of central and eastern Europe produce dairy 
foods? Antiquity 79: 882–894.

Cramp, L. J., Jones, J., Sheridan, A., Smyth, J., Whelton, H., Mulville, J., Sharples, N., and 
Evershed, R. P. (2014). Immediate replacement of fishing with dairying by the earliest 
farmers of the Northeast Atlantic archipelagos. Proceedings of the Royal Society B: 
Biological Sciences 281(1780): 20132372.

Currat, M., Excoffier, L., Maddison, W., Otto, S. P., Ray, N., Whitlock, M. C., and Yeaman, 
S. (2006). Comment on ‘Ongoing adaptive evolution of ASPM, a brain size determinant in 
Homo sapiens’ and ‘Microcephalin, a gene regulating brain size, continues to evolve 
adaptively in humans’. Science 313(5784): 172; author reply 172.

Day, A. J., Canada, F. J., Diaz, J. C., Kroon, P. A., McLauchlan, R., Faulds, C. B., Plumb, G. 
W., Morgan, M. R., and Williamson, G. (2000). Dietary flavonoid and isoflavone glycosides 
are hydrolysed by the lactase site of lactase phlorizin hydrolase. FEBS Letters 468(2–3): 
166–170.

DEFRA (2013). Family Food 2012. London: Department for Environment, Food and Rural 
Affairs. Available from: https://www.gov.uk/government/statistics/family-food-2012
(accessed 4 May 2017).

Diamond, J. (1997). Guns, Germs and Steel. New York: W. W. Norton.

Dunne, J., Evershed, R. P., Salque, M., Cramp, L., Bruni, S., Ryan, K., Biagetti, S., and di 
Lernia, S. (2012). First dairying in green Saharan Africa in the fifth millennium BC. 
Nature 486(7403): 390–394.

Durham, W. H. (1991a). Cultural Mediation: The Evolution of Adult Lactose Absorption. In 
W. H. Durham, Coevolution: Genes, Culture and Human Diversity. Stanford, CA: Stanford 
University Press, pp. 226–285.

Durham, W. H. (1991b). The Relationship of Genes and Culture. In W. H. Durham, 
Coevolution: Genes, Culture and Human Diversity. Stanford, CA: Stanford University 
Press, pp. 154–225.

Edmonds, C. A., Lillie, A. S., and Cavalli-Sforza, L. L. (2004). Mutations arising in the 
wave front of an expanding population. Proceedings of the National Academy of Sciences 
USA 101(4): 975–979.

Enattah, N. S., Sahi, T., Savilahti, E., Terwilliger, J. D., Peltonen, L., and Jarvela, I. (2002). 
Identification of a variant associated with adult-type hypolactasia. Nature Genetics 30(2): 
233–237.



The Evolution of Lactose Tolerance in Dairying Populations

Page 16 of 24

PRINTED FROM OXFORD HANDBOOKS ONLINE (www.oxfordhandbooks.com). (c) Oxford University Press, 2015. All Rights 
Reserved. Under the terms of the licence agreement, an individual user may print out a PDF of a single chapter of a title in 
Oxford Handbooks Online for personal use (for details see Privacy Policy).

Subscriber: University College London; date: 27 November 2017

Eshed, V., Gopher, A., Pinhasi, R., and Hershkovitz, I. (2010). Paleopathology and the 
origin of agriculture in the Levant. American Journal of Physical Anthropology 143(1): 
121–133.

Evershed, R. P., Payne, S., Sherratt, A. G., Copley, M. S., Coolidge, J., Urem-Kotsu, D., 
Kotsakis, K., Ozdogan, M., Ozdogan, A. E., Nieuwenhuyse, O. et al. (2008). Earliest date 
for milk use in the Near East and southeastern Europe linked to cattle herding. Nature
455(7212): 528–531.

Excoffier, L., Foll, M., and Petit, R. J. (2009). Genetic consequences of range expansions. 
Annual Review of Ecology, Evolution, and Systematics 40: 481–501.

Fagundes, N. J., Ray, N., Beaumont, M., Neuenschwander, S., Salzano, F. M., Bonatto, S. 
L., and Excoffier, L. (2007). Statistical evaluation of alternative models of human 
evolution. Proceedings of the National Academy of Sciences USA 104(45): 17614–17619.

Fang, L., Ahn, J. K., Wodziak, D., and Sibley, E. (2012). The human lactase persistence-
associated SNP -13910*T enables in vivo functional persistence of lactase promoter-
reporter transgene expression. Human Genetics 131(7): 1153–1159.

Ferguson, A. and Maxwell, J. D. (1967). Genetic aetiology of lactose intolerance. Lancet
2(7508): 188–190.

Flatz, G. and Rotthauwe, H. W. (1973). Lactose nutrition and natural selection. Lancet
2(7820): 76–77.

Fuller, D. Q. (2007). Contrasting patterns in crop domestication and domestication rates: 
recent archaeobotanical insights from the Old World. Annals of Botany 100(5): 903–924.

Fuller, D. Q., van Etten, J., Manning, K., Castillo, C., Kingwell-Banham, E., Weisskopf, A., 
Qin, L., Sato, Y. I., and Hijmans, R. J. (2011). The contribution of rice agriculture and 
livestock pastoralism to prehistoric methane levels: An archaeological assessment. The 
Holocene 21: 743–759.

Gallego Romero, I., Basu Mallick, C., Liebert, A., Crivellaro, F., Chaubey, G., Itan, Y., 
Metspalu, M., Eaaswarkhanth, M., Pitchappan, R., Villems, R. et al. (2012). Herders of 
Indian and European cattle share their predominant allele for lactase persistence. 
Molecular Biology and Evolution 29(1): 249–260.

Gerbault, P., Allaby, R. G., Boivin, N., Rudzinski, A., Grimaldi, I. M., Pires, J. C., Climer 
Vigueira, C., Dobney, K., Gremillion, K. J., Barton, L. et al. (2014). Storytelling and story 
testing in domestication. Proceedings of the National Academy of Sciences USA 111(17): 
6159–6164.

Gerbault, P., Leonardi, M., Powell, A., Weber, C., Benecke, N., Burger, J., and Thomas, M. 
G. (2012). Domestication and migrations: Using mitochondrial DNA to infer domestication 



The Evolution of Lactose Tolerance in Dairying Populations

Page 17 of 24

PRINTED FROM OXFORD HANDBOOKS ONLINE (www.oxfordhandbooks.com). (c) Oxford University Press, 2015. All Rights 
Reserved. Under the terms of the licence agreement, an individual user may print out a PDF of a single chapter of a title in 
Oxford Handbooks Online for personal use (for details see Privacy Policy).

Subscriber: University College London; date: 27 November 2017

processes of goats and horses. In E. Kaiser, J. Burger, and W. Schier (eds.), Population 
Dynamics in Prehistory and Early History: New Approaches Using Stable Isotopes and 
Genetics. Berlin: De Gruyter, pp. 17–30.

Gerbault, P., Liebert, A., Itan, Y., Powell, A., Currat, M., Burger, J., Swallow, D. M., and 
Thomas, M. G. (2011). Evolution of lactase persistence: an example of human niche 
construction. Philosophical Transactions of the Royal Society of London B: Biological 
Sciences 366(1566): 863–877.

Gerbault, P., Liebert, A., Swallow, D. M. and Thomas, M. G. (2014). Lactose malabsorption 
and nutrition. In Lomer, M. (ed.), Advanced Nutrition and Dietetics in Gastroenterology. 
Oxford: Wiley-Blackwell, pp. 202–209.

Gerbault, P., Moret, C., Currat, M., and Sanchez-Mazas, A. (2009). Impact of selection and 
demography on the diffusion of lactase persistence. PLoS ONE 4(7): e6369.

Gerbault, P., Roffet-Salque, M., Evershed, R. P., and Thomas, M. G. (2013). How long have 
adult humans been consuming milk? IUBMB Life 65(12): 983–990.

Hawkes, K., Hill, K., and O’Connell, J. F. (1982). Why Hunters Gather: Optimal Foraging 
and the Ache of Eastern Paraguay. American Ethnologist 9: 379–398.

Hill, K., Hawkes, K., Hurtado, M., and Kaplan, H. (1984). Seasonal variance in the diet of 
Ache hunter-gatherers in Eastern Paraguay. Human Ecology 12: 101–135.

Holden, C. and Mace, R. (1997). Phylogenetic analysis of the evolution of lactose 
digestion in adults. Human Biology 69(5): 605–628.

Holsinger, V. H. (1997). Physical and chemical properties of lactose. In P. F. Fox (ed.), 
Advanced Dairy Chemistry, Volume 3: Lactose, Water, Salts and Vitamins, 2nd edn. 
London: Chapman & Hall, pp. 1–31.

Holt, B. M. and Formicola, V. (2008). Hunters of the Ice Age: The biology of Upper 
Paleolithic people. American Journal of Physical Anthropology Suppl 47: 70–99.

Hurtado, A. M., Hawkes, K., Hill, K., and Kaplan, H. (1985). Female subsistence strategies 
among Ache hunter-gatherers of Eastern Paraguay. Human Ecology 13: 1–28.

Hurtado, A. M. and Hill, K. (1987). Early dry season subsistence ecology of Cuiva (Hiwi) 
foragers of Venezuela. Human Ecology 15(2): 163–187.

Hurtado, A. M. and Hill, K. R. (1990). Seasonality in a foraging society: Variation in diet, 
work effort, fertility, and sexual division of labor among the Hiwi of Venezuela. Journal of 
Anthropological Research 46(3): 293–346.

Imtiaz, F., Savilahti, E., Sarnesto, A., Trabzuni, D., Al-Kahtani, K., Kagevi, I., Rashed, M. 
S., Meyer, B. F., and Jarvela, I. (2007). The T/G 13915 variant upstream of the lactase 



The Evolution of Lactose Tolerance in Dairying Populations

Page 18 of 24

PRINTED FROM OXFORD HANDBOOKS ONLINE (www.oxfordhandbooks.com). (c) Oxford University Press, 2015. All Rights 
Reserved. Under the terms of the licence agreement, an individual user may print out a PDF of a single chapter of a title in 
Oxford Handbooks Online for personal use (for details see Privacy Policy).

Subscriber: University College London; date: 27 November 2017

gene (LCT) is the founder allele of lactase persistence in an urban Saudi population. 
Journal of Medical Genetics 44(10): e89.

Ingram, C. J., Elamin, M. F., Mulcare, C. A., Weale, M. E., Tarekegn, A., Raga, T. O., 
Bekele, E., Elamin, F. M., Thomas, M. G., Bradman, N. et al. (2007). A novel polymorphism 
associated with lactose tolerance in Africa: multiple causes for lactase persistence? 

Human Genetics 120(6): 779–788.

Ingram, C. J., Raga, T. O., Tarekegn, A., Browning, S. L., Elamin, M. F., Bekele, E., 
Thomas, M. G., Weale, M. E., Bradman, N., and Swallow, D. M. (2009). Multiple rare 
variants as a cause of a common phenotype: several different lactase persistence 
associated alleles in a single ethnic group. Journal of Molecular Evolution 69(6): 579–588.

Ingram, C. J. and Swallow, D. M. (2009). Lactose malabsorption. In P. L. H. McSweeney 
and P. F. Fox (eds.), Advanced Dairy Chemistry, Volume 3: Lactose, Water, Salts and Minor 
Constituents, 3rd edn. New York: Springer Science+Business Media, pp. 203–229.

Iso, H., Date, C., Noda, H., Yoshimura, T., and Tamakoshi, A. (2005). Frequency of Food 
Intake and Estimated Nutrient Intake among Men and Women: The JACC Study. Journal of 
Epidemiology 15: S24–S42.

Itan, Y., Jones, B. L., Ingram, C. J., Swallow, D. M., and Thomas, M. G. (2010). A worldwide 
correlation of lactase persistence phenotype and genotypes. BMC Evolutionary Biology
10: 36.

Itan, Y., Powell, A., Beaumont, M. A., Burger, J., and Thomas, M. G. (2009). The origins of 
lactase persistence in Europe. PLoS Computational Biology 5(8): e1000491.

Jablonski, N. G. and Chaplin, G. (2010). Human skin pigmentation as an adaptation to UV 
radiation. Proceedings of the National Academy of Sciences USA 107(Supplement_2): 
8962–8968.

Jager, A. K. and Saaby, L. (2011). Flavonoids and the CNS. Molecules 16(2): 1471–1485.

Jensen, T. G., Liebert, A., Lewinsky, R., Swallow, D. M., Olsen, J., and Troelsen, J. T. (2011). 
The -14010*C variant associated with lactase persistence is located between an Oct-1 and 
HNF1alpha binding site and increases lactase promoter activity. Human Genetics 130(4): 
483–493.

Jones, B. L., Raga, T. O., Liebert, A., Zmarz, P., Bekele, E., Danielsen, E. T., Olsen, A. K., 
Bradman, N., Troelsen, J. T., and Swallow, D. M. (2013). Diversity of lactase persistence 
alleles in Ethiopia: signature of a soft selective sweep. American Journal of Human 
Genetics 93(3): 538–544.

Kafatos, A., Verhagen, H., Moschandreas, J., Apostolaki, I., and Van Westerop, J. J. (2000). 
Mediterranean diet of Crete: foods and nutrient content. Journal of the American Dietetic 
Association 100: 1487–1493.



The Evolution of Lactose Tolerance in Dairying Populations

Page 19 of 24

PRINTED FROM OXFORD HANDBOOKS ONLINE (www.oxfordhandbooks.com). (c) Oxford University Press, 2015. All Rights 
Reserved. Under the terms of the licence agreement, an individual user may print out a PDF of a single chapter of a title in 
Oxford Handbooks Online for personal use (for details see Privacy Policy).

Subscriber: University College London; date: 27 November 2017

Klopfstein, S., Currat, M., and Excoffier, L. (2006). The fate of mutations surfing on the 
wave of a range expansion. Molecular Biology and Evolution 23(3): 482–490.

Konner, M. and Eaton, S. B. (2010). Paleolithic nutrition: twenty-five years later. Nutrition 
in Clinical Practice 25(6): 594–602.

Kruttli, A., Bouwman, A., Akgul, G., Della Casa, P., Ruhli, F., and Warinner, C. (2014). 
Ancient DNA analysis reveals high frequency of European lactase persistence allele 
(T-13910) in medieval central Europe. PLoS ONE 9(1): e86251.

Kuipers, R. S., Luxwolda, M. F., Dijck-Brouwer, D. A., Eaton, S. B., Crawford, M. A., 
Cordain, L., and Muskiet, F. A. (2010). Estimated macronutrient and fatty acid intakes 
from an East African Paleolithic diet. British Journal of Nutrition 104(11): 1666–1687.

Lacan, M., Keyser, C., Ricaut, F. X., Brucato, N., Duranthon, F., Guilaine, J., Crubezy, E., 
and Ludes, B. (2011a). Ancient DNA reveals male diffusion through the Neolithic 
Mediterranean route. Proceedings of the National Academy of Sciences USA 108(24): 
9788–9791.

Lacan, M., Keyser, C., Ricaut, F. X., Brucato, N., Tarrus, J., Bosch, A., Guilaine, J., Crubezy, 
E., and Ludes, B. (2011b). Ancient DNA suggests the leading role played by men in the 
Neolithic dissemination. Proceedings of the National Academy of Sciences USA 108(45): 
18255–18259.

Laland, K. N. (2008). Exploring gene-culture interactions: insights from handedness, 
sexual selection and niche-construction case studies. Philosophical Transactions of the 
Royal Society of London B: Biological Sciences 363(1509): 3577–3589.

Laland, K. N., Odling-Smee, J., and Myles, S. (2010). How culture shaped the human 
genome: bringing genetics and the human sciences together. Nature Reviews Genetics
11(2): 137–148.

Langenhoven, M. L., Steyn, K., Van Eck, M., and Gouws, E. (1988). Nutrient intake in the 
coloured population of the Cape Peninsula*. Ecology of Food and Nutrition 22: 97–106.

Larsen, C. S. (1995). Biological changes in human populations associated with 
agriculture. Annual Review of Anthropology 24: 185–213.

Lee, R. B. (1979). The !Kung San: Men, Women, and Work in a Foraging Society. 
Cambridge, UK; New York: Cambridge University Press.

Lee, R. B. and DeVore, I. (1968). Man the Hunter. Chicago: Aldine Publishing Company.

Lee, R. B. and DeVore, I. (1976). Kalahari Hunter-Gatherers: Studies of the !Kung San and 
their Neighbors. Cambridge, MA: Harvard University Press.



The Evolution of Lactose Tolerance in Dairying Populations

Page 20 of 24

PRINTED FROM OXFORD HANDBOOKS ONLINE (www.oxfordhandbooks.com). (c) Oxford University Press, 2015. All Rights 
Reserved. Under the terms of the licence agreement, an individual user may print out a PDF of a single chapter of a title in 
Oxford Handbooks Online for personal use (for details see Privacy Policy).

Subscriber: University College London; date: 27 November 2017

Lewinsky, R. H., Jensen, T. G., Moller, J., Stensballe, A., Olsen, J., and Troelsen, J. T. (2005). 
T-13910 DNA variant associated with lactase persistence interacts with Oct-1 and 
stimulates lactase promoter activity in vitro. Human Molecular Genetics 14(24): 3945–
3953.

Losch, S., Grupe, G., and Peters, J. (2006). Stable isotopes and dietary adaptations in 
humans and animals at Pre-Pottery Neolithic Nevali Cori, Southeast Anatolia. American 
Journal of Physical Anthropology 131: 181–193.

Luca, F., Perry, G. H., and Di Rienzo, A. (2010). Evolutionary adaptations to dietary 
changes. Annual Review of Nutrition 30: 291–314.

Macholdt, E., Lede, V., Barbieri, C., Mpoloka, S. W., Chen, H., Slatkin, M., Pakendorf, B., 
and Stoneking, M. (2014). Tracing pastoralist migrations to southern Africa with lactase 
persistence alleles. Current Biology 24(8): 875–879.

MacIntyre, U. E., Kruger, H. S., Venter, C. S., and Vorster, H. H. (2002). Dietary intakes of 
an African population in different stages of transition in the North West Province, South 
Africa: the THUSA study. Nutrition Research 22: 239–256.

Mackey, A. D., Henderson, G. N., and Gregory, J. F. 3rd. (2002). Enzymatic hydrolysis of 
pyridoxine-5’-beta-D-glucoside is catalyzed by intestinal lactase-phlorizin hydrolase. 
Journal of Biological Chemistry 277(30): 26858–26864.

Malmström, H., Linderholm, A., Liden, K., Stora, J., Molnar, P., Holmlund, G., Jakobsson, 
M., and Gotherstrom, A. (2010). High frequency of lactose intolerance in a prehistoric 
hunter-gatherer population in northern Europe. BMC Evolutionary Biology 10: 89.

Mazengo, M. C., Simell, O., Lukmanji, Z., Shirima, R., and Karvetti, R. L. (1997). Food 
consumption in rural and urban Tanzania. Acta Tropica 68: 313–326.

McFie, J. (1967). Nutrient intakes of urban dwellers in Lagos, Nigeria. British Journal of 
Nutrition 21: 257–268.

Meehan, B. (1982). Shell Bed to Shell Midden. Canberra; Atlantic Highlands, NJ: 
Australian Institute of Aboriginal Studies; distributed by Humanities Press.

Meloni, T., Colombo, C., Ogana, A., Mannazzu, M. C., and Meloni, G. F. (1996). Lactose 
absorption in patients with glucose 6-phosphate dehydrogenase deficiency with and 
without favism. Gut 39(2): 210–213.

Meloni, T., Colombo, C., Ruggiu, G., Dessena, M., and Meloni, G. F. (1998). Primary 
lactase deficiency and past malarial endemicity in Sardinia. Italian Journal of 
Gastroenterology and Hepatology 30(5): 490–493.



The Evolution of Lactose Tolerance in Dairying Populations

Page 21 of 24

PRINTED FROM OXFORD HANDBOOKS ONLINE (www.oxfordhandbooks.com). (c) Oxford University Press, 2015. All Rights 
Reserved. Under the terms of the licence agreement, an individual user may print out a PDF of a single chapter of a title in 
Oxford Handbooks Online for personal use (for details see Privacy Policy).

Subscriber: University College London; date: 27 November 2017

Merchant, A. T., Dehghan, M., Chifamba, J., Terera, G., and Yusuf, S. (2005). Nutrient 
estimation from an FFQ developed for a Black Zimbabwean population. Nutrition Journal
4: 37.

Mulcare, C. A. (2006). The Evolution of the Lactase Persistence Phenotype. London: 
University of London.

Murray, C., Huerta-Sanchez, E., Casey, F., and Bradley, D. G. (2010). Cattle demographic 
history modelled from autosomal sequence variation. Philosophical Transactions of the 
Royal Society of London B: Biological Sciences 365(1552): 2531–2539.

Nagy, D., Bogacsi-Szabo, E., Varkonyi, A., Csanyi, B., Czibula, A., Bede, O., Tari, B., and 
Rasko, I. (2009). Prevalence of adult-type hypolactasia as diagnosed with genetic and 
lactose hydrogen breath tests in Hungarians. European Journal of Clinical Nutrition 63(7): 
909–912.

Nemeth, K., Plumb, G. W., Berrin, J. G., Juge, N., Jacob, R., Naim, H. Y., Williamson, G., 
Swallow, D. M., and Kroon, P. A. (2003). Deglycosylation by small intestinal epithelial cell 
beta-glucosidases is a critical step in the absorption and metabolism of dietary flavonoid 
glycosides in humans. European Journal of Nutrition 42(1): 29–42.

Olds, L. C. and Sibley, E. (2003). Lactase persistence DNA variant enhances lactase 
promoter activity in vitro: functional role as a cis regulatory element. Human Molecular 
Genetics 12(18): 2333–2340.

Peter, B. M., Huerta-Sanchez, E., and Nielsen, R. (2012). Distinguishing between 
Selective Sweeps from Standing Variation and from a De Novo Mutation. PLoS Genetics
8(10): e1003011.

Pinhasi, R., Fort, J., and Ammerman, A. J. (2005). Tracing the origin and spread of 
agriculture in Europe. PLoS Biology 3(12): e410.

Plantinga, T. S., Alonso, S., Izagirre, N., Hervella, M., Fregel, R., van der Meer, J. W., 
Netea, M. G., and de la Rua, C. (2012). Low prevalence of lactase persistence in Neolithic 
South-West Europe. European Journal of Human Genetics 20(7): 778–782.

Politis, G. (2009). Nukak: Ethnoarchaeology of an Amazonian People. Berkeley: Left Coast 
Press.

Ranciaro, A., Campbell, M. C., Hirbo, J. B., Ko, W. Y., Froment, A., Anagnostou, P., Kotze, 
M. J., Ibrahim, M., Nyambo, T., Omar, S. A. et al. (2014). Genetic origins of lactase 
persistence and the spread of pastoralism in Africa. American Journal of Human Genetics
94(4): 496–510.

Ray, N., Wegmann, D., Fagundes, N. J., Wang, S., Ruiz-Linares, A., and Excoffier, L. (2009). 
A statistical evaluation of models for the initial settlement of the american continent 



The Evolution of Lactose Tolerance in Dairying Populations

Page 22 of 24

PRINTED FROM OXFORD HANDBOOKS ONLINE (www.oxfordhandbooks.com). (c) Oxford University Press, 2015. All Rights 
Reserved. Under the terms of the licence agreement, an individual user may print out a PDF of a single chapter of a title in 
Oxford Handbooks Online for personal use (for details see Privacy Policy).

Subscriber: University College London; date: 27 November 2017

emphasizes the importance of gene flow with Asia. Molecular Biology and Evolution
27(2): 337–345.

Reddy, P. P. and Rao, A. P. (2000). Dietary habits, food consumption and nutrient intake 
among the Sugali, a tribal population of Andhra Pradesh, India. Asia Pacific Journal of 
Clinical Nutrition 9: 12–17.

Richards, M. P. (2002). A brief review of the archaeological evidence for Palaeolithic and 
Neolithic subsistence. European Journal of Clinical Nutrition 56(12): 1270–1278.

Sabeti, P. C., Schaffner, S. F., Fry, B., Lohmueller, J., Varilly, P., Shamovsky, O., Palma, A., 
Mikkelsen, T. S., Altshuler, D., and Lander, E. S. (2006). Positive natural selection in the 
human lineage. Science 312(5780): 1614–1620.

Sahi, T. (1974). The inheritance of selective adult-type lactose malabsorption. 
Scandinavian Journal of Gastroenterology Suppl 30: 1–73.

Sette, S., Le Donne, C., Piccinelli, R., Arcella, D., Turrini, A., and Leclercq, C. (2011). The 
third Italian National Food Consumption Survey, INRAN-SCAI 2005–06—Part 1: Nutrient 
intakes in Italy. Nutrition, Metabolism and Cardiovascular Diseases 21: 922–932.

Shennan, S., Downey, S. S., Timpson, A., Edinborough, K., Colledge, S., Kerig, T., 
Manning, K., and Thomas, M. G. (2013). Regional population collapse followed initial 
agriculture booms in mid-Holocene Europe. Nature Communications 4: 2486.

Silberbauer, G. B. (1980). Hunter and Habitat in the Central Kalahari Desert. Cambridge, 
UK; New York: Cambridge University Press.

Simoons, F. J. (1970). Primary adult lactose intolerance and the milking habit: a problem 
in biologic and cultural interrelations. II. A culture historical hypothesis. American 
Journal of Digestive Diseases 15(8): 695–710.

Sinclair, H. M. (1953). The Diet of Canadian Indians and Eskimos. Proceedings of the 
Nutrition Society 12: 69–82.

Sverrisdottir, O. O., Timpson, A., Toombs, J., Lecoeur, C., Froguel, P., Carretero, J. M., 
Arsuaga Ferreras, J. L., Gotherstrom, A., and Thomas, M. G. (2014). Direct estimates of 
natural selection in Iberia indicate calcium absorption was not the only driver of lactase 
persistence inEurope. Molecular Biology and Evolution 31(4): 975–983.

Swallow, D. M. (2003). Genetic influences on carbohydrate digestion. Nutrition Research 
Reviews 16(1): 37–43.

Swallow, D. M. and Hollox, E. J. (2000). The genetic polymorphism of intestinal lactase 
activity in adult humans. In C. R. Scriver, A. L. Beaudet, W. S. Sly, and D. Valle (eds.), The 
Metabolic and Molecular Basis of Inherited Disease. New York: McGraw-Hill, pp. 1651–
1662.



The Evolution of Lactose Tolerance in Dairying Populations

Page 23 of 24

PRINTED FROM OXFORD HANDBOOKS ONLINE (www.oxfordhandbooks.com). (c) Oxford University Press, 2015. All Rights 
Reserved. Under the terms of the licence agreement, an individual user may print out a PDF of a single chapter of a title in 
Oxford Handbooks Online for personal use (for details see Privacy Policy).

Subscriber: University College London; date: 27 November 2017

Tishkoff, S. A., Reed, F. A., Ranciaro, A., Voight, B. F., Babbitt, C. C., Silverman, J. S., 
Powell, K., Mortensen, H. M., Hirbo, J. B., Osman, M. et al. (2007). Convergent adaptation 
of human lactase persistence in Africa and Europe. Nature Genetics 39(1): 31–40.

Troelsen, J. T. (2005). Adult-type hypolactasia and regulation of lactase expression. 
Biochimica et Biophysica Acta 1723(1–3): 19–32.

Troelsen, J. T., Olsen, J., Moller, J., and Sjostrom, H. (2003). An upstream polymorphism 
associated with lactase persistence has increased enhancer activity. Gastroenterology
125(6): 1686–1694.

US Department of Agriculture (2013). USDA National Nutrient Database for Standard 
Reference, Release 26. Agricultural Research Service, Nutrient Data Laboratory Home 
Page: http://www.ars.usda.gov/ba/bhnrc/ndl (accessed 4 May 2017).

van Rossum, C. T. M., Fransen, H. P., Verkaik-Kloosterman, J., Buurma-Rethans, E. J. M., 
and Ocke, M. (2011). Dutch National Food Consumption Survey 2007–2010: Diet of 
children and adults aged 7 to 69 years. RIVM report 350050006. Bilthoven, Netherlands: 
National Institute for Public Health and the Environment.

Vigne, J.-D. (2006). Maîtrise et usages de l’élevage et des animaux domestiques au 
Néolithique: quelques illustrations au Proche-Orient et en Europe. In J. Guilaine (ed.), 
Populations néolithiques et environnements. Paris: Errance éd, pp. 87–114.

Vigne, J.-D. (2008). Zooarchaeological aspects of the Neolithic diet transition in the Near 
East and Europe, and their putative relationships with the Neolithic demographic 
transition. In J. P. Bocquet-Appel and O. Bar-Yosef (eds.), The Neolithic Demographic 
Transition and its Consequences. New York: Springer, pp. 179–205.

Vigne, J.-D., Carrere, I., and Guilaine, J. (2003). Unstable status or early domestic 
Ungulates in the Near East: The example of Shillourokambos (Cyprus, IX-VIIIth millenia 
cal. B.C.). In J. Guilaine and A. Le Brun (eds.), Actes du Colloque International Organisé 
par le Département des Antiquités de Chypre et l’École Française d’Athènes; 17–19 May 
2001; Nicosia (Cyprus). Athens: École Française d’Athènes, pp. 239–251.

Whittle, A. (2007). Going over: people and their times. In A. Whittle and V. Cummings 
(eds.), Going Over: The Mesolithic-Neolithic Transition in the North-West Europe. Oxford; 
New York: Oxford University Press, pp. 617–628.

Wilde, S., Timpson, A., Kirsanow, K., Kaiser, E., Kayser, M., Unterlander, M., Hollfelder, 
N., Potekhina, I. D., Schier, W., Thomas, M. G. et al. (2014). Direct evidence for positive 
selection of skin, hair, and eye pigmentation in Europeans during the last 5,000 y. 
Proceedings of the National Academy of Sciences USA 111(13): 4832–4837.

Zeder, M. A. (2008). Domestication and early agriculture in the Mediterranean Basin: 
Origins, diffusion, and impact. Proceedings of the National Academy of Sciences USA
105(33): 11597–11604.



The Evolution of Lactose Tolerance in Dairying Populations

Page 24 of 24

PRINTED FROM OXFORD HANDBOOKS ONLINE (www.oxfordhandbooks.com). (c) Oxford University Press, 2015. All Rights 
Reserved. Under the terms of the licence agreement, an individual user may print out a PDF of a single chapter of a title in 
Oxford Handbooks Online for personal use (for details see Privacy Policy).

Subscriber: University College London; date: 27 November 2017

Zhou, B. F., Stamler, J., Dennis, B., Moag-Stahlberg, A., Okuda, N., Robertson, C., Zhao, 
L., Chan, Q., and Elliott, P. (2003). Nutrient intakes of middle-aged men and women in 
China, Japan, United Kingdom, and United States in the late 1990s: The INTERMAP 
Study. Journal of Human Hypertension 17: 623–630.

Pascale Gerbault

Department of Life Sciences, University of Westminster, 115 New Cavendish Street, 
London W1W 6UW, UK Department of Genetics, Evolution and Environment, 
University College London, Darwin Building Gower Street, London WC1E 6BT, UK

Catherine Walker

Department of Genetics, Evolution and Environment, University College London, 
Darwin Building Gower Street, London WC1E 6BT, UK

Katherine Brown

Department of Genetics, Evolution and Environment, University College London, 
Darwin Building Gower Street, London WC1E 6BT, UK

Ekaterina Yonova-Doing

Department of Life Sciences, University of Westminster, 115 New Cavendish Street, 
London W1W 6UW, UK

Mark G. Thomas

Department of Genetics, Evolution and Environment, University College London, 
Darwin Building Gower Street, London WC1E 6BT, UK


